Stratified waterflooding is the main technology for oilfield development. Continuously improving waterflooding control and utilization through fine waterflooding is a never-ending pursuit. Reinjecting the produced liquid into the formation after electrical dehydration is the main technical means for the waterflooding development of oilfields. Whether the suspended particle in the reinjection water meets the standards will directly affect the waterflooding development effect. This paper proposes and develops an on-line suspended particle detector and its inversion algorithm. In order to meet the downhole detection requirements of subsurface suspended particles in reinjection water, a laser on-line detector for suspended particle was developed based on the light scattering method, and an array structured lightinduced ring detector was designed to realize the identification of scattered light. In order to meet the engineering requirements of on-line inspection, the genetic algorithm and least-squares algorithm are used to optimize the granularity inversion calculation. The detection error and response time of these algorithms are compared and analyzed. With an error below the allowed value of 4% and a response time of 0.22s, the least square algorithm has more engineering application value. In order to prevent the occurrence of negative numbers after iteration of the least squares algorithm, a non-negative least square granularity inversion algorithm was designed in the practical engineering application. Based on the actual engineering data and the simulation structure, it can be concluded that the simulation values are highly consistent with the theoretical values, which proves that the laser suspended particle on-line detector and its inversion algorithm are applicable to the on-line detection system of suspended particles in the reinjection water of oilfields.
Introduction
With the continuous development of oil production technology, the stage of primary, secondary and tertiary oil recovery came successively. Primary oil recovery is driven by natural energy, secondary oil recovery uses artificial water injection to maintain formation pressure [8, 17] , and tertiary oil recovery increases the oil recovery rate by changing the characteristics of the injected water. At present, secondary and tertiary oil recovery are mainly carried out, and secondary oil recovery is the main development technology [9, 10, 14] , which means that most of the oilfields are mainly developed by waterflooding. Constantly increasing waterflooding control degree and producing degree through fine water injection is a never-ending pursuit [4, 11] .
During the waterflooding development, the water-containing crude oil produced from the underground is converted into "produced fluid" and electrically dehydrated. The separated water is called "oilfield produced water", also called "oilfield sewage". In the production of oil fields, most of the produced water from the oil fields is treated and injected back into the formation, and only a small part of the produced water is discharged outside. The produced water is treated and injected back into the reservoir to supplement the pressure of the formation, which not only enables us to recover the crude oil in water and realize the recycling of water and avoid environmental pollution, but also provides sufficient water for water injection and saves a large amount of fresh water resources. This measure has brought about remarkable economic and social benefits in the development of China's oil fields.
In this process, the quality of reinjection water is an important indicator of oilfield waterflood and an important factor affecting the waterflooding effect and cost. The quality of the injected water directly affects the waterflooding development effect of the oilfield. When the suspended solids in the oilfield reinjection water do not meet the standard, it will block the core of the formation, resulting in a decrease in the permeability of the formation. The formation permeability is an important factor affecting the oil recovery. A smaller permeability means a greater difficulty of water injection and a lower oil recovery [19, 22] . The main factor affecting the decrease of formation permeability is the diameter and content of suspended solids in the reinjection water [1, 3] .
The water quality analysis of traditional injected water is mostly carried out in the way of off-line inspection, which means that on-site sampling, storage, laboratory testing, data recording and feedback to the site are performed successively. The analysis cycle of the entire process is long. If the water quality is not properly maintained, it will cause great errors in the test data, thus losing the function of supervision and guidance on production. Therefore, in order to increase oil recovery and reduce production costs, it is necessary to conduct online monitoring on the diameter and content of suspended solids in the oilfield reinjection water, so as to promptly find the over-standard water injection, and report and solve problems.
According to different measurement requirements, there are many types of particle size measurement instruments, and there are many corresponding particle measurement methods. According to its basic working principle, it can be divided into direct and indirect methods [5, 16, 24] . In the direct method, measurement is based on the geometry of the particles, such as sieving method and microscope method. According to a certain physical rule, a certain physical quantity of a particle under the influence of certain factors is measured and then converted into the diameter of a sphere with the same values of the same physical quantity, which is used to represent the size of the particles. This method is known as the indirect method, such as sedimentation method, electric induction method (Coulter method) and light scattering method [2, 20] . Each of them has its own characteristics and application range, but most of the methods do not support online detection. The development of particle size analyzers started earlier in foreign countries. The mature foreign companies include Malvern in the United Kingdom, Coulter in the United States, Cilas in France, Sympatec in Germany, and HORIBA in Japan.
The development of China's laser particle size analyzer began in the late 1980s; some progress has been made in recent years. The influential brands include Zhuhai "OMEC", and the brands with high technical content include Jinan "Winner", Chengdu "Jingxin" and Dandong "Bettersize". However, there are still some gaps between domestic and foreign products in terms of key performance indicators such as measurement range, measurement repeatability, granularity resolution and reliability. In addition to the backward processing technology, the imperfection of the inversion algorithm also plays a great restrictive role.
In view of this, a study of on-line inspection of suspended particle in the water during zonal injection in the field of oil extraction engineering was carried out. A laser particle size analyzer was proposed and developed using light scattering method. The comparison and verification of different inversion algorithms was focused on, and engineering techniques suitable for field applications were determined.
Design of suspended particle online detector
Light scattering is currently the most widely used particle measurement method. The laser particle size analyzer is a typical instrument based on the principle of light scattering. It measures the particle size distribution of powder samples by using properties such as the amplitude, phase and polarization of scattered light related with the size and refractive index of the scattered light after the light is scattered; it uses laser as the light source and uses data processing software based on Mie scattering theory to analyze the test data.
The suspended particle on-line detector developed in this paper is shown in Fig. 1 . The entire instrument includes laser, laser filter-collimated beam expander system, sample cell, Fourier transform lens system, detector and data processing system. Its core component is a combined multi-element silicon photodetector.
The working principle of the suspended particle on-line detector is as follows. The monochromatic laser beam emitted by the semiconductor laser will converge on the pinhole after passing through the microscope objective. The pinhole will filter out all the high-order scattered light and allow only the low-frequency laser to pass through. The laser beam then becomes a diverging light beam that passes through a collimating lens to form a parallel monochromatic light beam with a diameter of approximately 8 mm. When there are no particles in the sample cell, the parallel beam passes through the Fourier lens and is focused on the center of the ring photodetector and passes through the center hole to the center detector. When there is a particle sample in the sample cell, part of the converged light beam will be scattered by particles to the detection unit and the large-angle detector of the ring detector. The intensity distribution of the scattered light obeys Mie theory. At this point, the Fourier lens behind the sample cell is the receiving lens (whose focal length is known), and a far field scattering pattern of scattered light is formed on the back focal plane of the lens. Particle size and particle distribution and even particle shape in the airspace are one-to-one correspondence, which satisfies the Fourier transform relationship. In addition, according to the optical theory, in the case of paraxial (i.e., small-angle scattering), scattered light with the same scattering angle of the inverse Fourier transform converges on the detector in the focal plane. The result is the same as the classic Fourier transform except that the focal length corresponds to the distance from the sample location to the detector. However, as the scattering angle increases, the focusing situation becomes worse and worse. At this time, when calculating the theoretical light energy distribution, it must be corrected; otherwise, it will cause errors. The so-called reverse Fourier transform is an optical structure in which a sample to be measured is placed behind a Fourier lens and is irradiated with converging light. A multi-ring photodetector array is then placed on the focal plane of the receiving lens to receive the scattered light energy, and to convert it into the electrical signal to output. The central aperture (central detector) on the detector can be used to determine the allowable sample volume concentration. After amplification and A/D sampling of the received electrical signal, the particle size analysis software in the computer was used to obtain the particle size distribution.
The detector is the core component of the system and affects the performance of the test data. Because the scattered light from the particles is weak, the detector array adopts a semicircular structure to increase the detection area. A small hole is opened in the center of the detector array to pass the zero-order diffracted light. The structure of the detector array is composed of concentric half rings with different radii on one silicon wafer and independent of each other. Adjacent two rings are insulated from each other. According to the optical system parameters, when the laser illumination wavelength λ is 650nm and the Fourier transform lens focal length f is 50mm, the design of the detection ring needs to meet the requirements for particle size (1-100μm). It was calculated that the ring detector has the inner and external radius of 0.14-14 mm range and an interval of 24-28μm. In general, the radius of the ring detector should be slightly larger than the maximum outside diameter.
The size of the innermost ring of the detector array determines the upper limit of the measurement range, which in turn depends on the size of the center hole of the detector array. The beam emitted by the laser becomes parallel light after being expanded and collimated. The diameter of the parallel beam depends on the clear aperture of the iris diaphragm. After the parallel beam passes through the Fourier transform lens, it forms an Airy spot on its focal plane. The calculation formula for the diameter of Airy spots is expressed as follows:
Where f is the focal length of the Fourier imaging lens, D is the clear aperture of the iris diaphragm, and λ is the laser wavelength.
Airy spot has strong energy. If it does not pass through the detector array, it will be reflected on the surface of the detector array to form a strong reflected light, and form a strong background light after multiple reflections. The background light can coincide with part of the light scattered by the particles, which seriously affects the accuracy of the measurement results. Therefore, the center of the detector array must have large holes to allow this part of the energy to pass through. It is known that the Airy spot diameter obtained based on the design parameters is 10μm, which meets the requirements. Table 1 shows the specific parameters of the detector array ring. The center detector is placed behind the center hole of the detector array. The center detector is a one-cell silicon detector. It is required to have a large saturation current and be able to receive the large light energy of Airy spot. A low-noise silicon detector should be selected. 
Research on Data Inversion Algorithm
As the corresponding information about the incident light wavelength and the scattered light is known, how to obtain the information of the scattered particles or particle groups participating in the scattering is an inversion problem. There are two forms of inversion. The most common is that the system and output are known and the input needs to be figured out.
Another one is that the input and output are known and the unknown system needs to be figured out. The case of measuring particle size and particle size distribution using the laser particle size analyzer belongs to the prior one. Positive problem often gives a lot of constraints. The various constraints put forward based on the actual conditions are sufficient to make the derivation provide the only stable solution. The inversion problem often does not provide a unique and stable solution because of the effects of some unknown factors, suggesting that if there is no known restriction to limit the uniqueness of the solution. This problem is "ill-posed".
According to the Mie scattering theory, the relationship between the particle size distribution of the particle or particle swarm and the scattered light intensity can be expressed as E=TW, and if T is in full rank, the size distribution column vector W=T -1 E. However, a large number of calculations have shown that the inverse problem of inversing the grain size information of particles by scattered light from particles is "ill-posed". The particle size distribution obtained according to the above formula often produces a non-positive solution, which does not conform to the actual situation, so this method is generally not adopted.
The commonly used granularity inversion algorithms can be roughly divided into two major categories, namely the distribution function definition method (also known as the non-independent model algorithm) and the free distribution method (also known as the independent model algorithm). In the non-independent model algorithm, the granularity information of the measured particle needs to be known. Generally, it is necessary to know about that the particle size distribution of the particle swarm satisfies a certain function distribution. In the independent model algorithm, it is not necessary to presuppose the particle size distribution model, but to directly obtain the particle size distribution of the particle swarm from the light energy distribution values of the actual amount of speculation. This method enables us to handle any distributed particle size distribution without having to know in advance the distribution of the measured particles. In this paper, a comparative analysis was conducted based on the actual needs of the project.
Basic physical model analysis
According to the Mie scattering theory, the scattering light intensity of a single spherical medium particle irradiated by a monochromatic plane wave with a wavelength of λ and a light intensity of I0 is expressed by:
  Where i1 and i2 are the vertical and horizontal components of the scattered light intensity, respectively.
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Where n is a positive integer and m is the complex refractive index of particles; an and bn are the complex amplitude coefficients of the electric vector and magnetic vector of the n th wavelet and are determined by the Bessel function; n  and n  are determined by the Legendre function and its derivative and are related to the scattering angle Ө of the scattered light.
Using equations (2), (3) and (4), the scattered light intensity distribution of a single particle sphere irradiated by a plane wave is simulated, as shown in Fig. 2 . It can be seen that there are a series of extremely large or small concentric ring peaks in the scattered light intensity distribution in the spatial region, which shows the importance of the ring detector for the particle size detector. The scattered light intensity is related to the particle size, refractive index, and scattering angle. The large particle has a small scattering angle and the small particle has a large scattering angle. The calculation results are shown in Fig. 3. a. Scattering of large particle b. Scattering of small particle Figure 3 . Relationship between scattering intensity and scattering angle for different particle size According to the spatial distribution of scattered intensity of single particles, without considering the multi-particle system under complex scattering, the scattered intensity EN is the incoherent superposition of the light intensity of multiple particles in different spaces. The expression is as follows:
Where i is the number of particle size category and n is the number of rings; Wi is the particle size distribution; Өn+1 and Өn are the scattering angles of the inner and outer diameters, respectively. Formula (5) after discretization can be written into a matrix: E=AW
Where (E1……En) is the light energy collected by the j th ring of the detector (i.e., the output energy value of the detector in the experiment); (W1……Wn) is the percentage of particles in the i th particle size interval (i.e., the result of the experiment); Aij is a light energy distribution coefficient matrix, and its physical meaning is the energy of light falling on the photodetector rings generated by the particle swarm with the particle size in the i th particle size interval.
Calculation of light distribution coefficient matrix A
The overall algorithm of the particle size analyzer is performed around the solution of matrix formula (6) . In order to solve the particle size distribution W of each interval, the calculation of the light energy coefficient matrix A is particularly important. The solution process of the light energy coefficient matrix A belongs to the first kind of Fredholm integral equation. From equations (2) to (5), it can be seen that the light energy coefficient matrix is related to the detector design parameters and the refractive index of the measuring material, which means that different detector design parameters correspond to different light energy coefficient matrix A. According to the design parameters of the detector (as shown in Table 1 ), the normalized light energy matrix A is calculated, as shown in Fig. 4 . When the light energy coefficient matrix A is known, the particle size distribution W can be obtained by performing the inversion calculation using the formula (6).
Inverse algorithm design and comparative analysis
According to the distribution of the actual particles, the particle size distribution inversion algorithm is roughly divided into non-independent model algorithms and independent model algorithm. Non-independent model algorithm (distribution function definition method): Presuppose that the particle population satisfies a specific function, and continuously adjust the parameters to find a set of parameters (usually no more than 6 parameters) that make the light energy target residual smallest when the particle size distribution of the uniquely determined particle swarm on the detector is compared with the measured light energy distribution [12, 15, 23] . In order to avoid the influence of initial value selection on inversion results, the use of genetic algorithm is common in the non-independent model algorithm [7, 21, 25] . Independent model algorithm: The particle size distribution of the granular system is obtained by solving the first kind of Fredholm integral equation from the actually detected light energy distribution value. Theoretically, any particle size distribution curve can be obtained. Most of the independent model algorithms are based on the principle of least squares [6, 18] .
Regardless of the inversion algorithm used, in the calculation process of the laser particle size analyzer, the scattered light intensity value E collected by the ring detector is compared with the theoretical calculation value E0, and the optimization method is selected to best fit the calculated value with the actual measurement value, thereby inversely deriving the particle size distribution W [13] . The above-mentioned two inversion algorithms (genetic algorithm and least squares algorithm) are studied below. a) When the genetic algorithm is used for inverse operation, the theoretical particle size distribution is set first and the Rosin-Rammler function is obeyed (as shown in Fig. 5 ) to get the formula (7):
Where K = 4, The inversion operation is based on the genetic algorithm. Each cycle of the calculation process undergoes fitness calculation, proportional selection operation, single-point crossover operation, and mutation operation. The basic calculation flow of the genetic algorithm is shown in Fig. 6 . Comparing the simulation results of genetic algorithm with those of theoretical distribution, the conclusion is shown in Fig. 7 . The error of particle size distribution simulation results is within 1%, and the program running time is 8.35s. It can be seen that the precision of genetic algorithm is high, but the operation time is long. b) When the least squares algorithm is used for inversion operation, the basic calculation flow is shown in Fig. 8 . The simulated particle size distribution based on the least squares algorithm is compared with the theoretical distribution. As shown in Fig. 9 , the error of the particle size distribution simulation results is within 4%, and the program running time is 0.22s.
Calculate the coefficient matrix A according to the designed ring detector parameters and assume a particle size distribution function W In summary, the genetic algorithm has higher calculation accuracy than the least squares algorithm, but its calculation time is too long. If the genetic algorithm is used for inversion calculation, real-time online detection requirements cannot be met.
Engineering design and analysis of least squares inversion algorithm
The on-line detection system of suspended particles in oilfield reinjection water adopts the least squares algorithm. At the same time, in order to prevent the negative result (inconsistent with the actual situation) after the iteration, it is still necessary to add non-negative constraints in the actual calculation; that is, there is a need to design targeted non-negative least squares (NNLS).
For the problem f Ex  , the main purpose of non-negative least squares is According to the above main program calculation steps, the actual designed laser particle size analyzer system parameters are used for design and Matlab software is used for non-negative least squares simulation. The results are shown in Fig. 10 . The simulated values are highly consistent with the theoretical values, which proves that it is feasible to use nonnegative least-squares method for the on-line detection system of suspended particles in the oilfield reinjection water.
Conclusions
Stratified waterflooding is the main technology for China's oilfield development. The stratified waterflooding technology has gone through more than 60 years of development, and has played an important role in sustaining high oil production and stable production, and enhancing waterflooding recovery. In order to achieve "injection of good water" and "injection of enough water," petroleum engineers continued to carry out relevant research work. In this paper, an online suspended particle detector is proposed and developed for the downhole reinjection water quality testing. The light scattering method is used to realize the on-line detection of the content and median diameter of suspended particles in the reinjection water. The instrument includes laser, laser filter-collimated beam expander system, sample cell, Fourier transform lens system, detector and data processing system. Its core component is a combined multi-element silicon photodetector. In order to increase the detection area, the detector array adopts a semi-circular structure; that is, the structure of the detector array is composed of concentric half rings with different radii on one silicon wafer and independent of each other. Adjacent two rings are insulated from each other. A small hole is opened in the center of the detector array to pass the zero-order diffracted light.
On the basis of this physical hardware, this paper uses genetic algorithm and least squares algorithm to construct a contrast analysis of the anti-inference method of the online suspended particle detector. It can be seen that when the genetic algorithm is used for inversion calculation, the error is within 1% and the program running time is 8.35s. The algorithm has a high precision and a long operation time. When the least squares algorithm is used most for inversion calculation, the error is within 4% and the program running time is 0.22s. The algorithm has a short operation time and a poor precision. On the basis of reducing the requirement for accuracy, the least squares algorithm is more suitable for the online detection requirements of the system.
The on-line detection system of suspended particles in oilfield reinjection water finally adopts the least squares algorithm in this paper. However, in practical application, targeted non-negative least squares are designed to prevent negative results after the iteration. The simulation proves that it is feasible to use non-negative least-squares method for the on-line detection system of suspended particles in the oilfield reinjection water. 
